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Capillary electrophoresis (CE) has received much attention as a powerful tool for separating various samples. A frequent problem associated with CE using unmodified fused silica is adsorption of solutes on the capillary wall. In order to obtain efficient and reproducible separations, the interactions between solutes and capillary wall need to be suppressed or at least tightly controlled. Chemically modifying the surface of the capillary has been developed to reduce or eliminate the ability of the solute to interact with the wall of the capillary. For example, fused-silica capillaries were modified with polyacrylamidel, polyethylene glycol2'3, polyethylsiloxane chains2'3, and so on. Although modifying the capillary wall was thus clarified to be effective for reducing the interactions with the wall, the solute-wall interactions, which are induced by some specific modification of the capillary wall, have not been aggressively used for improving separation selectivity in CE.
On the other hand, since boronic acid can form a stable complex (cyclic ester) with a cis-diol group, the ester formation can be utilized for the separation and concentration of biological constituents comprising a cisdiol group, e.g., glyco-and nucleo-proteins, nucleic acids, and saccharides. Cellulose4, polyacrylamide gels, glass bead6, and polymer' holding arylboronic acids have been prepared for affinity chromatographic separation of cisdiols. Packing agents having arylboronic acids group have also been utilized for high-performance liquid chromatography.89
In this study, phenylboronic acid sites were introduced onto the wall of a fused-silica capillary through polymerization of m-acrylamidophenylboronic acids after activating the wall by silane coupling reagents. The phenylboronic acid-modified capillary thus obtained successfully separated a model sample of nucleosides (adenosine and deoxyadenosine, or uridine and deoxyuridine) in CE on the basis of interaction between cisdiol groups and phenylboronic acid sites on the capillary wall.
Experimental
Reagents Adenosine, deoxyadenosine, uridine, and deoxyuridine were purchased from Nacalai Tesque (Kyoto, Japan). Acryloyl chloride and 3-aminophenylboronic acid hemisulfate were received from Tokyo Kasei Kogyo (Tokyo, Japan) and Aldrich (St. Louis, MO, USA) respectively. The other reagents used were of commercially available special grade. Ion-exchanged water was distilled before use.
Preparation of phenylboronic acid modfied capillary
A new capillary tube of 50 µm i.d. (Polymicro Technologies, Phoenix, AZ, USA) was treated with 1.0 mol dm-3 sodium hydroxide for 30 min, then washed with distilled water and then acetonitrile. A solution containing 4 ml of acetonitrile, 16 µl of methacryloxypropyltrimethoxysilane, and 32 µl of acetic acid was passed through the capillary for 30 min and then the capillary was left as it is for 90 min, and washed with acetonitrile. m-Acrylamidophenylboronic acid, which was synthesized from acryloyl chloride and 3-aminophenylboronic acid hemisulfate10, was dissolved in 1 ml of distilled water to give a saturation solution. To the solution were added 5 µl of tetramethylethylenediamine and 5 µl of 10% ammonium peroxodisulfate solution. The solution was passed through the capillary and left for 1 h. Finally, the capillary was washed with distilled water for 1 h.
Procedures
The phenylboronic acid-modified capillary was filled with migration buffer in advance. A 10 mmol dm-3 Tris-HC1 (pH 7.0), 10 mmol dm 3 carbonate (pH 9.0 and 10.0), and 10 mmol dm 3 borate (pH 9.0 and 10.0) buffers were used as migration buffers. A model sample of adenosine and deoxyadenosine, or uridine and deoxyuridine was introduced into a capillary for 30 s from 15 cm height by siphoning. Applied voltage of 15 kV was used and these nucleosides were migrated and detected at 267 nm with a modified SPD-6AV spectrophotometric detector (Shimadzu, Kyoto, Japan).
Results and Discussion
In order to confirm the modification of capillary wall with phenylboronic acid sides, migration times of acetone as a neutral marker were examined. Figure 1 shows the migration times obtained by using unmodified and phenylboronic acid-modified capillaries. The migration times obtained with the modified capillary were found to be much larger than those of the unmodified one. Such a result means that the inner wall of capillary was coated or modified through the polymerization procedure of m-acrylamidophenylboronic acid. But still, there existed enough electroosmotic flow in the modified capillary, in contrast to the negligible flow in the case of ordinary polyacrylamide-modified capillary. The difference must be due to dissociation of phenylboronic acid sites on the wall, and furthermore, there may be some contribution of silanol group residues which can act effectively as negative charge sites.
Model mixture sample of adenosine and deoxyadenosine was subjected to CE using the phenylboronic acidmodified capillary. Adenosine and deoxyadenosine have one and no cis-diol group in a molecule, respectively. Figure 2 shows the electropherograms by the use of various pH migration buffers; pH 7.0 and 8.0 (10 mmol dm 3 Tris-HC1) as well as pH 9.0 and 10.0 (10 mmol dm-3 carbonate). As shown in the figure, resolutions increased with increasing pH. The pKa value of phenylboronic acid is reported to be 8.7,11 although the value of phenylboronic acid sites on the capillary wall has not been examined. It was also confirmed that the first peak was due to deoxyadenosine and the second one was due to adenosine. When we are using unmodified and polyacrylamide-modified capillaries, separation was not observed at all under the same conditions described in Fig. 2 . Therefore, it would be concluded that the separation of the mixture sample was achieved through interaction between phenylboronic acid sites on the capillary wall and cis-diol groups. Another sample of uridine and deoxyuridine was also separated under the conditions of pH 9.0 and 10.0; pH 10 indicated the better resolution.
In a series of experiments, borate migration buffer indicated the ability for the separation of the sample of adenosine and deoxyadenosine even in unmodified capillary. Boronic acid in the buffer would interact with cis-diol group of adenosine to alter the charge to mass ratio. However, the cooperation of the borate migration buffer with phenylboronic acid-modified capillary could improve the resolution to a great extend (the resolution was 6.56), as shown in Table 1 . It seems impossible that any additive effects in the migration buffer accomplish such a remarkable improvement. The results obtained here support the possibility that the chemical modification of the capillary wall would become a promising way for giving a new separation selectivity in CE.
Recently, capillary electrochromatography (CEC) has been studied. 12 The force driving the mobile phase in CEC is electrical, as in CE. In many respects, however, CEC is a chromatographic technique much closer to . The experiments were carried out under the same conditions as described in Fig. 1 
